Background: current clinical evidence for leadless pacing {#Sec1}
=========================================================

Implantation of a cardiac pacemaker (PM) is a first-line therapy in symptomatic patients with bradyarrhythmias, as this intervention improves quality of life in sick sinus syndrome as well as in atrial fibrillation (AF) with slow atrioventricular conduction and additionally reduces mortality in patients with atrioventricular block \[[@CR1], [@CR2]\]. A remarkable advance in technology can be acknowledged since the first PM implantation in 1958 by Senning and Elmquist at the Karolinska Hospital in Stockholm \[[@CR3]\]. Battery longevity of more than 10 years became a reality, the size of devices was reduced significantly, and it is meanwhile possible to program more than 150 parameters according to specific patient requirements. Currently, approximately 1 million transvenous PMs are implanted worldwide every year \[[@CR4]\]. Despite these extraordinary improvements, PM therapy still has several limitations: Complications occur in approximately 9--12% of all patients, including pocket hematomas or pocket infections, lead fractures, or lead endocarditis, as well as pulse generator problems \[[@CR5], [@CR6]\]. Furthermore, PM electrodes may also cause venous obstruction and severe tricuspid regurgitation during long-term follow-up \[[@CR7], [@CR8]\].

Indeed, the transvenous lead is the weakest link of a PM system and is therefore considered the "Achilles heel" of this therapy. Firstly, venous obstruction after device implantation is not negligible, as total occlusions are detected in roughly 9% of patients \[[@CR9], [@CR10]\]. Although most of these cases are clinically silent, potentially necessary future lead revisions become a challenge and often require a change towards the contralateral side or an alternative venous or epicardial access. Secondly, transvenous lead endocarditis is a rare but serious complication and has been reported in 0.5--1.0% of patients within the first 12 months after implantation \[[@CR5], [@CR11], [@CR12]\]. If a complete explantation of the pacing system is necessary in this respect, mortality rises significantly up to 20--30% of affected patients \[[@CR13]--[@CR16]\]. Thirdly, in the long-term, PM leads are prone to failure such as lead fracture or insulation break. The incidence of chronic lead failure is about 1--4% and the median time to failure 5 to 7 years \[[@CR6], [@CR17]--[@CR20]\]. Lastly, lead dislodgement in conventional PM systems is not uncommon and occurs in 1.6% of all PM patients on average \[[@CR21]\].

The concept of a leadless pacemaker (LP) may overcome all these issues mentioned above. As early as in the late 1960s, Dr. J. William Spickler and his colleagues were able to demonstrate the feasibility of a self-contained cardiac PM: Specifically, a canine with an iatrogenic heart block was paced with such a device for more than 2 months \[[@CR22]\]. This technique, however, was initially limited by its short battery life. Meanwhile, battery technology improved substantially, the devices were further miniaturized, and the endocardial fixation mechanisms as well as the delivery systems could be enhanced. In December 2012, a new field of activity arose, when a LP (Nanostim Inc., Sunnyvale, CA, USA) was implanted for the first time in a human patient \[[@CR23]\]. Currently, clinical data of two cardiac LP systems are available: Nanostim^®^ leadless cardiac pacemaker (LCP; Abbott Inc., Abbott Park, IL, USA) and Micra^®^ transcatheter pacing system (TPS; Medtronic Inc., Minneapolis, MN, USA). Both systems are fully self-contained cardiac PMs providing single-chamber right ventricular stimulation and carry specific sensors to enable rate-responsive pacing. Depending on programming and pacing indication, battery longevity is estimated up to 12 years. The implantation is performed in the cardiac catheterization laboratory or a (hybrid) operating room, where each device is delivered through the femoral vein and implanted into the right ventricle using a steerable catheter delivery system.

Nanostim® leadless cardiac pacemaker (LCP) {#Sec2}
------------------------------------------

The Nanostim^®^ LCP measures 41.4 × 6.0 mm and has a volume of 1 cm^3^. The device can be implanted through an 18F sheath (21F outer diameter), the fixation mechanism is a screw-in helix. In the LEADLESS trial, clinical performance and safety were tested in a "first-in-man" study of LP therapy \[[@CR23]\]. This prospective trial enrolled 33 patients; the first implant was performed in December 2012 in Prague, Czech Republic. The overall implant success rate was as high as 97% (32/33), but acute repositioning of the system was required in 30% of patients (10/33). The overall complication-free survival at 3 months was 94% (31/33). One patient developed cardiac tamponade, which had to be repaired surgically and died 18 days after the intervention due to a cerebral ischemic infarct. In another patient, the device was accidentally implanted in the left ventricle via a patent foramen ovale but could be removed without any problems. At 1-year follow-up, there were no further adverse events \[[@CR24]\]. The electrical performance measures of the device remained stable at 1 and 3 years of follow-up \[[@CR24], [@CR25]\]. The authors concluded that leadless pacing is feasible and safe and could represent a paradigm shift in cardiac pacing.

The following study (LEADLESS II trial) included 526 patients with an indication for permanent right ventricular (VVI) pacing \[[@CR26]\]. The device was successfully implanted in 96% of patients; acute repositioning was necessary in 30%. During a follow-up of 6 months, major complications occurred in 6.5% of all patients, including cardiac perforation in 8 (6 of them required intervention), vascular complications in 6 and device dislodgement in further 6 cases. All dislodged devices were retrieved percutaneously. No device-related deaths occurred during the follow-up period. However, 2 mortalities during follow-up were classified procedure related (1 access complication with infection and 1 cerebral infarct after pericardiocentesis). Subsequently, implantations were temporarily stopped due to safety concerns, and an additional training program for implanting physicians was implemented. After the implementation of protocol improvements following the interruption of the study, the study's primary safety endpoint was met and cardiac perforations and device dislodgements declined \[[@CR27]\]. Recently, a premature battery failure was diagnosed in 34 out of 1423 implanted LCP devices, which was higher in number than initially expected. It occurred approximately 2.9 years after implantation \[[@CR28]\]. In 7 patients, the device could not be interrogated any longer, and the battery depletion caused loss of pacing. As a consequence, the Nanostim^®^ LCP was transiently withdrawn from the market and is currently not commercially available.

Micra® transcatheter pacing system (TPS) {#Sec3}
----------------------------------------

The Micra^®^ TPS is 26 mm in length, 7 mm in width, and 0.8 cm^3^ in volume (Fig. [1](#Fig1){ref-type="fig"}). Compared to the Nanostim^®^ LCP, this device is considerably shorter (difference 15 mm) but approximately 1 mm thicker, therefore requiring a 23F sheath (27F outer diameter) for implantation. The fixation mechanism is significantly different, using 4 self-expanding flexible nitinol tines. In December 2013, the first-in-human implantation of this device was performed at the Kepler University Hospital in Linz, Austria (Fig. [2](#Fig2){ref-type="fig"}).Fig. 1The Micra^®^ TPS LP system is currently the only available leadless pacing system. The first implantation in a human patient was performed in December 2013 in Linz, AustriaFig. 2X-ray pictures of an implanted Micra^®^ TPS LP (a) and a Nanostim^®^ LCP system (b) are shown. The authors thank Prof. Dr. W. Jung, Schwarzwald-Baar Klinikum, Villingen-Schwenningen, Germany, for providing material for Fig. 2b

Subsequently, safety and efficacy of this device was evaluated in a prospective study (Micra Transcatheter Pacing Study) \[[@CR29], [@CR30]\]. A total of 725 patients were included; implantation success rate was 99.2%; 719/725 patients). Overall, 28 major complications occurred in 25 patients (3.5%), including cardiac perforation or effusion in 11 and vascular complications in 5 patients. There were no radiographically visible device dislodgements during the follow-up period. One patient with end-stage renal failure died early after implantation. The cause of death was most likely a metabolic acidosis due to the prolonged procedure time. In 3 patients, system revisions were necessary (elevated pacing threshold, intermitted loss of capture, PM syndrome). At 12-months of follow-up, 32 major complications occurred cumulatively (24 complications within 30 days, 6 complications between 30 days and 6 months, and 2 complications after 6 months) \[[@CR31]\]. Cardiac failure was the most frequent adverse event (6/8) after 30 days; however, no device-related death occurred during follow-up. Most importantly, no device dislodgements or infections were observed, and electrical performance measures remained stable during 12-months of follow-up.

The Micra Post-Approval Registry (PAR) was initiated to further evaluate the safety of the Micra^®^ TPS system prospectively in a "real-world" setting. Enrolment started in 2015 and the last patient was included in March 2018. In total, 1817 patients were enrolled. A interims analysis of safety and effectiveness data was published with 1 month \[[@CR32]\] as well as 12 months of follow-up \[[@CR33]\]. Interestingly, the "real-world" data were quite similar or even tended to be better than the results of the Micra Transcatheter Pacing Study: The implantation success rate remained high (99.1%), whereas the major complication rate was only 2.7% (41 patients). Pericardial effusion occurred in 14 patients, requiring pericardiocentesis in 8 and surgical repair in 2 of them. Both perforations with need for surgery ultimately led to death. There were another 11 patients with groin complications and one patient in whom the device dislodged with embolization and could be successfully repositioned 50 days after implantation. The authors concluded that the results demonstrate consistency with the results of the Micra Transcatheter Pacing Study and highlight the advantages of a LP in reducing complications associated with the components of conventional pacemakers.

Comparison of leadless versus transvenous PM systems {#Sec4}
----------------------------------------------------

There are currently no randomized controlled trials planned or published to compare efficacy and long-term safety between conventional transvenous PMs and LP systems. However, complications occur in up to 6.5% of LP implantations, which compares favorably to recently published complication rates of transvenous PM implantations. In the nationwide Danish cohort study, for instance, the complication rate was 6.9% for single-chamber systems \[[@CR5]\].

The Micra Transcatheter Pacing Study compared the Micra^®^ TPS results with a historical control group comprising 2667 patients from 6 trials who had undergone transvenous PM implantation. At 12-months of follow-up, total major complications were significantly lower in the LP cohort (4.0% vs. 7.6%), resulting in a 48% relative risk reduction \[[@CR31]\]. The specific subset of complications, however, varied in the two groups. The LP implantation has a unique risk of femoral vein complications, but no risk of pneumothorax or pocket problems. Moreover, more cardiac perforations are observed during LP implantations: In a meta-analysis of 28 studies, the mean incidence was about twice as high with LPs as compared with conventional PMs (conventional PMs 0.8% vs. 1.5% in the LEADLESS II and Micra Transcatheter Pacing Study \[[@CR34]\]). However, it should be emphasized that the risk of perforation seems to be lower in the Micra TPS^®^ than in the Nanostim^®^ LCP and that damage to the RV can generally be avoided by aiming a more septal rather than apical LP position (Fig. [2](#Fig2){ref-type="fig"}). Indeed, the majority of Micra TPS^®^ were implanted in the RV septum at lower perforation rates in later studies \[[@CR34]\]. In another report, data of all LP studies were compared with 10 studies with conventional transvenous PM implantations, including more than 14,000 patients \[[@CR35]\]. Essentially, the short-term complication rate (\< 2 months), mainly related to the implant procedure, was similar (4.8% in the LP group versus 4.1%). During long-term follow-up (\> 2 months), the complication rate was considerably higher in the conventional PM group (3.1% versus 0.2%). Specifically, PM erosion or infection, pocket revision, or re-intervention due to lead failure or pacing threshold elevation only occurred in the conventional PM group.

There may be still unknown disadvantages of LP systems, such as the risk of "runaway pacing" due to electrical failure at the end of battery life, a complication that has been observed in earlier generations of transvenous PM. The latter or similar malfunctions have not been reported so far, but they could be managed by turning the LCP off by telemetry and therefore disconnecting the pulse generator from the circuit.

In summary, the advantages of LP could be the prevention of long-term complications, especially lead-related problems and pocket complications. However, further studies comparing leadless and conventional PMs on the long-term are needed to demonstrate the advantages of this new technology.

Magnetic resonance imaging (MRI) compatibility of leadless pacemaker systems {#Sec5}
----------------------------------------------------------------------------

As a large number of patients with cardiac implantable electronic devices (CIED) will also have to undergo an MRI scan, MRI compatibility of devices is an important issue. Both LP systems are MRI conditional and CE certified for full body MRI scans without an exclusion zone. In contrast, performance of MRI scans is not recommended during the lead maturation period (app. 6 weeks after implantation) of LP systems or in case of an elevated pacing threshold (\> 4.5 V at the programmed pulse width), and MRI is contraindicated in the presence of concomitant devices or abandoned leads. Whereas the Micra^®^ TPS is approved for 1.5 T as well as 3.0 T scanners, the Nanostim^®^ LCP is approved for 1.5 T scanners only. Ex vivo as well as real-life data confirmed the safety and feasibility of MRI scans with good image quality of even cardiac MRIs \[[@CR36]--[@CR39]\]. Specifically, pacing thresholds (changes vs. baseline 0.01 ± 0.05 V) and other device parameters remained stable \[[@CR40]\], and device dislodgements have not been observed to be increased by MRI scans in LP systems \[[@CR41]\]. However, both LP systems need to be programmed to a specific MRI mode prior to the scan, according to the manufacturers' recommendations and the ESC guidelines for cardiac pacing \[[@CR1]\]. Thereby, pacing is turned off (0V0 mode) in patients without the need for pacing support, or an asynchronous (V00) mode is chosen with a pacing rate well above the patient's intrinsic heart rate in patients, who are either PM dependent or in whom pacing support is desired for other reasons. After the scan, devices must be re-interrogated and original settings must be restored.

Management of device infections: advantages of leadless pacers {#Sec6}
--------------------------------------------------------------

Pocket- and lead-related complications are seen in 7--12% of patients with conventional PMs and lead to surgical interventions in about 4%, especially in the case of infection \[[@CR42]\]. Infections of CIED inherit a high individual risk with a mortality rate of 20% within the first year after onset, a substantial risk of reinfection of more than 10%, and a significant healthcare burden due to the need for increased surgery utilization and a long hospital stay \[[@CR14], [@CR43], [@CR44]\]. The incidence of major CIED infections can be reduced by the adjunctive use of an absorbable, antibiotic-eluting envelope ("TYRX^®^; Medtronic Inc."). Indeed, a reduction of device infections from 1,2 to 0,7% has been observed by this simple but expensive tool in a randomized, controlled clinical trial \[[@CR45]\]. LPs were designed to eliminate or reduce pocket- and lead-related complications, especially infection, and may provide a safe and attractive pacing option for patients with previous infection of a conventional PM.

Both, the "Micra investigational device exemption (IDE) study" with 726 patients and the "Micra Post-Approval Registry (PAR)" with 1817 patients and a current follow-up of up to 24 months, reported no infections of the Micra^®^ TPS requiring surgical or interventional treatment \[[@CR31], [@CR33]\]. It is of special interest that the majority of patients enrolled in both these studies exhibited established risk factors for CIED infection like diabetes mellitus, renal dysfunction or renal failure, anticoagulation, or chronic use of corticosteroids \[[@CR46]\]. The same results, albeit with a smaller number of patients, also apply to the Nanostim^®^ LCP which is currently not commercially available \[[@CR25]\].

In contrast to the IDE study, PAR also included patients with prior CIED explantation for infection. In these 99 patients (mean age 73 years), a Micra^®^ TPS could be successfully implanted in 99% after complete or partial explantation of the prior CIED (in 93% and 7%, respectively). The mean duration between the prior CIED explantation and the LP implantation was 6 days. Most of the patients could be discharged from the hospital 2 days after implantation (interquartile range: 1--7 days). At a mean follow-up of 6 months (range 0--25 months), no recurrent infections requiring removal of the Micra^®^ TPS occurred. The authors concluded that LPs appear to be a safe pacing alternative in patients with recent CIED explantation for severe infection \[[@CR47]\].

A rationale for the prevention of device infection with LPs may be the material of the capsules and their comparatively small size. The surface of the LP capsules is made of pure titanium that is not altered by environmental influences of the surrounding tissue. In contrast, the much larger surface of the can and leads of conventional PMs is more prone to be colonized by bacteria. Especially the leads, covered by polyurethane or polydimethylsiloxane, degrade over time, giving rise to a pro-coagulatory and microbe-attracting milieu \[[@CR48]\]. Another reason for the resilience against infection of LPs may be the observed early and complete encapsulation after implantation that forms an endothelialized capsule, which is able to prevent the LP from reinfection even in patients with previous severe CIED infection \[[@CR49]--[@CR52]\].

In summary, LPs reduce or even eliminate the risk of infection in both patients with multiple clinical risk factors for developing a first event and those after explantation of a CIED for severe infection. Thus, implantation of an LP could be an alternative to a "TYRX^®^" antibiotic-eluting envelope in patients after CIED infection unless they need atrioventricular pacing, cardiac resynchronization, or a transvenous ICD (Table [1](#Tab1){ref-type="table"}). Furthermore, patients without previous CIED infection, who are suitable for a LP according to the underlying arrhythmia (see below), are possible candidates for LP implantation, if at least 2 of the following clinical risk factors for CIED infection are present:Diabetes mellitusRenal dysfunctionChronic use of corticosteroidsRecurrent systemic infections or immunosuppressive therapyTable 1Recommendations for indications for leadless pacemaker (LP) therapy: risk of infectionsGood candidate for LP implantation: - History of CIED infection - No need for AV sequential pacing, CRT or transvenous ICDPossible candidate for LP implantation: - Suitable for a LP according to underlying arrhythmia - Two or more clinical risk factors for device infection: diabetes mellitus, renal dysfunction or chronic hemodialysis, chronic use of corticosteroids, recurrent systemic infections, or immunosuppressive therapy

A national consensus for indications of leadless pacing in Austria {#Sec7}
==================================================================

Given the characteristics and the specific implantation technique of LP systems as well as rapidly increasing implantation rates, it is mandatory to define indications for patients who might particularly benefit from these novel devices. Thus, an expert consensus was defined by a group of skilled PM implanters in Austria with experience in LP technology. The distinct mission of these arrhythmia specialists was to define a consensus on indications of LP based on current evidence.A "Good candidate for LP implantation" recommendation denotes scenarios in which patients clearly benefit from an LP as opposed to a conventional PM system according to published studies.A "Possible candidate for LP implantation" recommendation was issued, if the majority of the experts favored a LP system.A "Possible candidate for LP implantation under certain circumstances" recommendation was issued, if the indication was not deemed advantageous by the majority of the panel.A "No candidate for LP implantation" recommendation includes all current contraindications for LP therapy that may potentially harm the patient in these cases.

The recommendations were separately defined for the underlying arrhythmia and for special clinical circumstances and should help to decide between a conventional PM and a LP system. It has to be emphasized that no randomized controlled study has been conducted so far to compare conventional transvenous pacers and LP systems. Thus, these consensus recommendations are based on observational LP trials without control groups, comparisons of registry data with historic controls, and expert opinions. In order to highlight the scientific background for the readers, according to current guidelines, the level of evidence of the recommendations was defined as "B", if published studies underlined the consensus, and as "C", if the recommendation was solely based on opinion of the expert panel.^1^

Pacing indications based on the underlying arrhythmia {#Sec8}
-----------------------------------------------------

Although the technology of LP is rapidly evolving, currently available devices are capable of ventricular sensing and pacing only. Thus, operating modes are limited to VVI and VVI-R \[[@CR1]\]. Frequent (asynchronous) ventricular pacing of patients in sinus rhythm can lead to an increased rate of AF and stroke \[[@CR53]\] as well as reduced quality of life due to a "pacemaker-syndrome" and reduced exercise performance \[[@CR54]\] compared to dual-chamber pacing. The cutoff for ventricular pacing burden that might lead to clinically important adverse events is currently unclear, but AV synchrony needs to be preserved in patients with sinus rhythm as intensively as possible.

Thus, the panel recommends LP preferentially in patients with permanent AF and AV block or slow ventricular response. Patients in sinus rhythm with transient sinus arrest or AV block and a very low anticipated ventricular pacing rate (≤ 1--5% of beats) are similarly good candidates for LP implantation a LP system in case of difficult venous subclavian access, a history of infection, or risk of tricuspid valve dysfunction (Table [2](#Tab2){ref-type="table"}). In contrast, transvenous dual-chamber PM systems should be preferred in patients with sick sinus syndrome, vasovagal syncope, or AV block with transient or permanent bradycardia. These patients are expected to be paced primarily in the atrium or frequently and AV sequentially in the ventricle (Table [2](#Tab2){ref-type="table"}). Leadless or transvenous systems may equally be considered in inactive patients in sinus rhythm, since LP implantation can be performed safely and single-chamber pacing does not increase mortality or cause symptoms in this subgroup of patients \[[@CR55]\]. Furthermore, the panel anticipates that indications may broaden quickly with the development LP systems capable of atrial and/or AV synchronous pacing underlining the need of re-evaluation of indications based on technical progress.Table 2Indications for leadless pacemaker (LP) therapy according to the underlying arrhythmia: clinical evidence is graded as A, B, or C; \* good candidate for LP implantation (evidence B) in elderly, inactive patientsGood candidate for LP implantation (evidence B):• Permanent AF and AV block or slow ventricular responsePossible candidate for LP implantation (evidence B):• Transient sinus arrest or AV block with need of backup pacing and very low anticipated ventricular pacing rate (≤ 1--5% of beats)Possible candidate for LP implantation under certain circumstances (evidence C):• Transient or permanent AV block with increased anticipated ventricular pacing rate (\> 1--5% of beats)• Sick sinus syndrome with transient or permanent bradycardia with increased anticipated ventricular pacing rate (\> 1--5% of beats)\*• Recurrent syncope due to vagally induced cardio-inhibition (sinus bradycardia or transient AV block)Table 3Indications for leadless pacemaker (LP) therapy according to clinical circumstances: clinical evidence is graded as A, B, or CGood candidate for LP implantation (evidence C):• Missing or difficult venous subclavian access• History of complications of PM therapy (especially infection)• Elevated risk of complications or risk of tricuspid valve dysfunction (e.g., severe TV regurgitation or reconstructed TV)Possible candidate for LP implantation (evidence C):• Frequent sports activity stressing the shoulders (golf, hunting, etc.)• Age \< 65 years• Children and adolescents \< 20 years of ageNo candidate for LP implantation (evidence C):• Expected high ventricular pacing burden and moderate to severe LV dysfunction (LVEF ≤ 35%)Table 4Qualification and technical requirements for implantation of LP systems: clinical evidence is graded as A, B, or CLP implantation should be performed in (evidence C):• A catheterization laboratory or hybrid surgery room equipped with a high-resolution fluoroscopy system• An implanting center with experience and equipment for instant pericardiocentesis and/or surgical defect closure, fast access to a surgery department with the availability of cardiopulmonary bypass (transport time \< 1 h)LP implantation should be performed by (evidence C):• An implanter with experience in venous femoral access• An implanter with experience in manipulation of sheaths in the right atrium and ventricle• An implanter certified by the manufacturer (proctoring by experienced LP implanter for the first 3 cases recommended)LP implantation should be considered to be performed in (evidence C):• An implanting center with experience in surgical and interventional device extraction• Implanting center with experience in surgical and interventional management of vascular complications

Clinical circumstances that favor either LP or transvenous PM {#Sec9}
-------------------------------------------------------------

In addition to the underlying arrhythmia, there are several clinical circumstances and comorbidities that influence the decision between use of an LP and a conventional transvenous PM system: According to the manufacturer's recommendations, implantation of an LP is contraindicated in patients with mechanical tricuspid valves (as are conventional transvenous leads), since the delivery system and/or the pacing device can be trapped and the valve can be damaged during the implant procedure. In the case of bilaterally occluded subclavian veins, a superior V. cava syndrome, or various forms of congenital heart disease, the right ventricle can only be accessed intravenously via the femoral vein and the inferior V. cava. Thus, utilization of an LP system is recommended in these rare cases. Furthermore, a LP system, as opposed to a transvenous or an epicardial PM system, should explicitly be preferred in patients with a history of severe PM system infection and in patients with dysfunctional or reconstructed tricuspid valves or after biological tricuspid valve replacement, since these patients are prone to recurrent infections as well as the development or aggravation of tricuspid valve dysfunction (Table [3](#Tab3){ref-type="table"}). Preferential use of an LP system may also be considered in patients with an expected elevated risk of complications (hemodialysis, advanced pulmonary disease, very low body mass index, frailty), since retrospective data indicate a favorable complication rate in these high-risk patients during midterm follow-up \[[@CR31], [@CR56]\]. However, patients with risk factors mentioned above also have an elevated risk of complications with LP systems, and this recommendation is limited by the absence of prospective, randomized data. Thus, decision to implant an LP should still be based on weighting potential benefits and risks in patients at risk for complications mentioned above.

According to recent registry data and extrapolation of battery drainage measurements, life span of LP systems is estimated to be 7--10 years \[[@CR57]\]. Thereafter, there are basically two options: The LP can either be extracted \[[@CR58]\] and replaced by a new (leadless or transvenous) system, or another LP can be implanted right next to the previous one into the right ventricle \[[@CR59]\]. At the moment, it is unclear which of these options shall be preferred, as data from larger trials are still missing. Thus, end-of-life management in LP patients currently remains an open discussion. As benefits of LP systems may be counterbalanced by complications of extraction procedures and interference of multiple intracardiac devices, the panel does not recommend LP implantations in children/adolescents below 20 years of age or in patients who prefer these systems just for cosmetic reasons or due to convenience issues. Given a median life expectancy of 80 years of the general population in Central Europe and an estimated LP system durability of about 10 years, more than two LP systems may need to be implanted in patients with pacing indication below the age of 65 years. Because of the uncertainties of LP end-of-life management, conventional transvenous pacing systems should be preferred in patients \< 65 years of age. By contrast PM patients exposed to certain professional or athletic activities (e.g., golf, hunting, scuba diving) \[[@CR60]\] might benefit from a lower complication rate of LP systems positioned directly within the heart. However, the final decision which pacing system to implant has to be made individually in these cases, based on a careful risk-benefit calculation.

Finally, a transvenous or epicardial biventricular system should be preferred in patients with a pacing indication and anticipated high ventricular pacing rate, heart failure, and impaired left ventricular function (LVEF ≤ 35%). In these patients, biventricular pacing systems should be preferred to enable cardiac resynchronization therapy \[[@CR1]\]. An LP or alternatively an epicardial PM system may only be considered in these particular cases, if transvenous subclavian access to the right ventricle and/or to the coronary sinus is impossible.

In conclusion, patients with missing or difficult bilateral subclavian or superior V. cava access, as well as patients with a history of complications, who need a single-chamber pacing system, are good LP candidates. However, potential benefits of this novel therapy such as the reduced risk of complications must be weighed against the lack of long-term experience and yet undetermined end-of-life management. Therefore, all issues mentioned above need to be discussed within the implanting team and -- even more importantly -- with the patients themselves, especially in borderline situations (\"possible candidate\").

Standards for implantation and surgical management of leadless pacing {#Sec10}
=====================================================================

As outlined above, most complications in LP occur within the first 2 months of therapy and are primarily related to the implantation procedure itself. Specifically, acute vascular injury, perforation and cardiac tamponade, as well as extraction of embolized or malfunctioning systems need to be managed by the treating physicians and their team. Thus, the expert panel defined technical requirements for LP implantation and medical qualification of the implanting physicians in Austria.

Qualification and technical standards for implantation {#Sec11}
------------------------------------------------------

The panel defined specific standards for implantation to provide an optimal setting for this novel technology. Due to the specific implantation technique, a very low risk of perioperative infection is supposed. However, the high standards for conventional PM implantation regarding air quality and sterile technique should also be maintained for this group of devices. In addition, a high-resolution X-ray system is of absolute importance for the currently available transcatheter LP system. A conventional C-arm is not sufficient to test movement and optimal placement of tines or to observe micro-dislodgement of the device. Thus, we recommend that LP implantations are performed either in a hybrid operating room or a catheterization lab equipped with an air piping system (Table [4](#Tab4){ref-type="table"}). Furthermore, hygienic conditions and functional specifications have to be organized as with any other CIED implantation to avoid device and access site infections. Availability of an on-site cardiac and/or vascular surgery team may be life-saving in case of urgent vascular complications, embolization of the device, or ventricular perforation. Thus, the panel recommends that LP systems should only be implanted in hospitals prepared to manage these types of emergencies. Specifically, while on-site open-heart surgery is not a prerequisite of LP implantation centers, close cooperation and fast access to emergency surgical support close to the site are required. LP implantations can be safely performed under local anesthesia or conscious sedation; however, under certain circumstances, general anesthesia may be required.

LP implanters have to be experienced in femoral venous punctures and the handling with large sheaths (above 11 French). Moreover, the procedure should be performed by cardiac electrophysiologists, interventional cardiologists, or surgeons with experience in transvenous PM implantations and/or electrophysiological procedures in the right atrium and ventricle according to our recommendation. A specific training is of utmost importance to provide safety and ensure procedural success. Currently, this training consists of two consecutive parts. First, the different procedural steps are presented online in an e-learning program (provided by the manufacturer), which has to be completed before starting the hands-on training in experienced centers. After this training, the first at least 3--5 implantations should be supported by a certified proctor in order to assure a step-by-step guidance to avoid adverse outcomes. When launching a new LP program, we recommend taking advantage of the described LP implant training modules. However, a retraining after several successful implantations is not deemed necessary by the panel. Finally, due to the steep learning curve in LP implantation procedures, we did not define a minimal number of LP implantation procedures per operator within a certain time frame. However, as in all interventional procedures, all operators should aim for a proper case load from the very beginning of an institution's LP program.

Surgical management {#Sec12}
-------------------

### Groin and vascular injury {#Sec13}

The venous puncture site may be closed by heavy silk sutures ("Z" suture, purse string sutures \[[@CR61]\]) or by a Perclose Proglide^®^ system (Abbott Inc., USA). Additionally, a compression dressing should be applied after implantation for at least 6 h in the case of access site bleeding or if immediate hemostasis cannot be achieved. Injuries of the venous system are rare and may be prevented by ultrasound-guided vascular access and venography given the large sheath size of the catheters. In the majority of cases, surgical management is not required; however, accidental arterial injury may lead to scenarios involving vascular surgery or interventional management. The panel therefore recommends vascular imaging during puncture and introduction of the sheaths as well as close cooperation of the implanting team with a cardiac and/or vascular surgery department to be able to immediately manage these complications as described above.

### Pericardial tamponade {#Sec14}

Since the risk of perforation is elevated, if LP is implanted in the apex rather than the septum of the RV, latter position of LP should be preferred. Furthermore, blood pressure needs to be monitored invasively or noninvasively during the entire procedure to identify bleeding events as soon as possible. Any new-onset pericardial effusion, even if not hemodynamically relevant, can instantly be visualized by echocardiography. If hemodynamics are compromised, interventional pericardial drainage or surgical defect closure needs to be performed immediately. Thus, fast access to equipment and experience of the implanting team in emergency pericardiocentesis are required. Although cardiac tamponade is very rare, it may exhibit a more rapid onset compared to conventional PM implantations due to the larger sheath size. Thus, fast access to a surgery department with the availability of cardiopulmonary bypass (transport time \< 1 h) is required according to the recommendation of this expert panel.

### System retrieval {#Sec15}

The need for system retrieval is expected to be rare and is currently limited to specific issues, like endocarditis or system upgrades \[[@CR62], [@CR63]\]. Especially, "late" extractions after more than 3 months have been rarely reported so far \[[@CR62]\]. Thus, we do not recommend routine system extraction, if the battery's "elective replacement indicator" is attained. Additional LP devices can probably be implanted next to earlier implants without extraction of previous devices (in this case, they have to be programmed to the device off \[*0V0*\] mode), but current clinical experience is very limited. Interestingly, a postmortem series showed that up to three Micra^®^ devices were implantable in the human right ventricle \[[@CR59]\] without interacting mechanically or electronically with one another.

If a strong indication for system extraction is present, it might be feasible with a LP delivery sheath or a deflectable sheath introduced via femoral access and a snare catheter during the 1st year after implantation and in infected devices. However, adhesions and tissue overgrowth may be a limiting factor with a dwell time of more than 1 year. Since there is an elevated risk of perforation and tamponade in the case of extraction of any chronically implanted CIED, these procedures should preferentially be performed in a hybrid operating room setting with cardiopulmonary bypass standby \[[@CR64]\].

Conclusion {#Sec16}
==========

This article gives an overview of LP systems and summarizes recommendations of an expert panel comprising a number of PM implanters in Austria with experience in LP technology. The authors give a short overview about the current evidence of LP but also define suggested indications, management of PM infections, and advice for the implantation procedure.

The published recommendations reflect the views of the authors and of the working group of arrhythmias of the Austrian Society of Cardiology (ÖKG), and it is emphasized that they do not necessarily represent the views of other national or international societies.
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